The synthesis, structural characterization, and performance evaluation of silsesquioxane -based sulfonated polyether ether ketone (SPEEK) composite membranes for direct methanol fuel cell (DMFC) applications are presented. 3-(trihydroxysilyl)-1-propanesulfonic acid (TPS) was used as a silsesquioxane (SQO) precursor. Two batches of SPEEK membranes with ion exchange capacities (IEC) of 1.06 ± 0.02 meq/g (denoted by SPEEK11) and 1.34 ± 0.05 meq/g (denoted by SPEEK13) were prepared. The SQO loadings in the composite membranes ranged from 5 wt% to 30 wt%. The ionic conductivity of the SPEEK13 membrane (at 60 • C) increased by up to 15 mS/cm (27%) upon incorporation of 15 wt% TPS-derived SQO, while the methanol permeability was at best slightly lowered (5-10%). The morphological changes in the composite membranes resulting from the introduction of SQO was studied by small angle X-ray scattering. The sharp decrease in conductivity with TPS loading was attributed to these changes in the membrane ionic domains. The performance of DMFCs with these SPEEK/SQO composite membranes was governed more by the proton conductivity than the methanol crossover. Compared to pristine SPEEK, the improved DMFC performance (at 60 • C using air and 3M methanol) of SPEEK11+5 wt% TPS and SPEEK13+5 wt% TPS composite membranes (187 mA cm −2 and 240 mA cm −2 at 0.4 V, respectively) was observed. The crossover of methanol from the anode to cathode through the ionic membrane remains one of the challenging obstacles in direct methanol fuel cells (DMFC). Methanol crossover to the cathode leads to a reduction in the operating voltage due to depolarization and mixed potential, and concurrent contamination of the Pt catalyst.
The crossover of methanol from the anode to cathode through the ionic membrane remains one of the challenging obstacles in direct methanol fuel cells (DMFC). Methanol crossover to the cathode leads to a reduction in the operating voltage due to depolarization and mixed potential, and concurrent contamination of the Pt catalyst. 1 Perfluorinated membranes such as Nafion have traditionally been used for DMFC systems. However, even though Nafion provides high conductivity and chemical stability, it exhibits large methanol permeability, resulting in relatively poor DMFC performance. [2] [3] [4] [5] [6] Composite membranes, prepared by adding inorganic materials to an ion conducting polymer matrix, have been proposed and studied in an attempt to reduce methanol crossover. 7 Sulfonated polyether ether ketone (SPEEK) is a good choice as a matrix for DMFC applications because it is relatively inexpensive and has lower methanol permeability compared to Nafion. It also exhibits good thermal stability, good mechanical strength and reasonable ionic conductivity. 8 Synthesis of composite membranes using an ex-situ technique is one of the most general methods to modify the characteristics of membranes by combining an organic polymer with inorganic fillers such as titania, [9] [10] [11] [12] zeolite, 7, 13 and silica. 3, 6, [14] [15] [16] [17] [18] [19] [20] Composite membranes prepared by either of these methods usually result in concomitant reduction of both methanol permeability and ionic conductivity. 21, 22 Therefore, the membrane selectivity (defined as the ratio of ionic conductivity to methanol permeability) either diminishes, or is at best unchanged. These membranes typically result in lower DMFC performance than corresponding unmodified membranes. 3 Another approach to improve membrane selectivity is to prepare organicinorganic composite membranes containing added functionalized inorganic materials using an in-situ synthesis method. 5, 11, 14, 17, 19, 23, 24 The functional groups attached onto the inorganic fillers facilitate an increase of the ionic conductivity, while maintaining low alcohol permeability by blocking the passage of methanol through the ionic channels in the membrane. • C) with increase of the loading of functionalized polysilsesquioxane. 2 They also showed their composite membranes exhibited 20% of reduction in the methanol permeability (12.4 to 7.2 × 10 −7 cm 2 s −1 at 30 • C). Zhang et al. developed Nafion based composite membranes by using surface coated sulfonated silica fillers and their composite membranes had a proton conductivity of 29 mS cm −1 , with no detectable methanol permeability (both conductivity and permeability were measured at 30
• C). 6 Wang et al. fabricated SPEEK based composite membranes by physical blending with 15 wt% of crosslinked carboxylic acid resulting in a four-fold increase in selectivity (due to an increase in the conductivity from 19 to 33 mS cm −1 and a decrease in the methanol permeability from 5.7 to 2.5 × 10 −7 cm 2 s −1 at 30 • C). 25 SPEEK-based composite membrane made of 8 wt% of functionalized titania nanoparticles prepared by Dou et al. exhibited a proton conductivity of 96 mS cm −1 at 80 • C, and methanol permeability (measured at 25
• C) of 5.9 × 10 −7 cm 2 s −1 , which resulted in 10-fold increase of membrane selectivity when compared to pristine SPEEK membranes (with proton conductivity and methanol permeability of 63 mS cm −1 and 4.3 × 10 −6 cm 2 s −1 respectively). 10 Organic-inorganic membranes for DMFCs can be prepared using ex-situ or in-situ synthesis methods. [26] [27] [28] [29] [30] [31] [32] In the ex-situ method, the physical mixing of the polymer matrix and inorganic additive occurs at the macro-scale, and usually leads to particle agglomeration during membrane casting. 33 The agglomerated particles can lead to micro-holes that act to increase methanol permeability and further reduce membrane selectivity. On the contrary, the in-situ method yields composite membranes with more uniform additive dispersion at the micro and nano scales because of smaller particles generated homogenously during the casting process. It is commonly accepted that the properties of ion exchange membranes (IEMs) are strongly related to their internal structure, including morphology of additives' surface, shape and size of ionic domains, and the spatial distribution of ionic sites. 34 Sahu et al. prepared Nafion based hybrid membranes by using silica fillers which exhibited the different surface area (60, 470 and 900 m 2 g −1 ) and demonstrated the presence of pendant sulfonic acid groups in the fillers provided continuous proton-conducting pathways
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Journal of The Electrochemical Society, 161 (9) F815-F822 (2014) in the polymer matrix without any trade-off between ionic conductivity and methanol crossover. 35 Arico et al. demonstrated that the loading of fillers and the strength of acid-base surface functionalities improved the water retention inside the composite polymer matrix by an electrostatic interaction. 18 Damay and Klein evaluated the change in hydrophilic and hydrophobic phases and correlated it to water retention inside the composite membranes. 36 Due to the spatial dimensions that are relevant to IEMs, small angle X-ray scattering, a powerful microstructural probe, can promote better understanding of the influence of structure (morphology) on the charge transport properties of IEMs. [37] [38] [39] In this study, we employed 3-(trihydroxysilyl)-1-propanesulfonic acid (TPS) as a precursor to generate silsesquioxane (SQO) nanoparticles in-situ within a SPEEK matrix, where the condensation (or co-condensation with tetraethyl orthosilicate) of TPS results in sulfonic acid functionalized SQO (propyl sulfonic group) networks. TPS, owing to its ionic conductivity, has found applications in both hydrogen-fueled polymer electrolyte membrane fuel cells 40, 41 and DMFCs. 2 The overarching objective of this study was to investigate SPEEK/SQO composite membranes for DMFC applications. Specifically, we sought to probe the microstructure of the composite membranes and relate observed properties (water uptake, selectivity) to microstructure for different additive loadings, and, from the trends observed, to obtain a better understanding of the mechanisms involved in ion conduction and methanol transport in these composite membranes. We also sought to understand whether it was the proton conductivity or the methanol permeability of the membrane that played a larger (or domineering) role in governing performance in a DMFC; in other words, whether selectivity was indeed an appropriate metric to define the efficacy of a composite membrane with respect to DMFC performance.
We describe below the synthesis of SQO particles using TPS as a precursor as well as an in-situ sol-gel reaction that yielded composite membrane with uniform additive dispersion. We also describe the characterization of the composite membranes, including ion exchange capacity, water uptake, ionic conductivity, and methanol permeability. The morphology of the composite membranes was probed using SAXS and TEM. Composite membranes demonstrating higher selectivity (conductivity/permeability) were tested in a DMFC and compared to pristine SPEEK of equivalent baseline IEC.
Experimental
Synthesis of SPEEK.-10 g of polyether ether ketone (PEEK 450PF, Victrex) was dissolved in 200 mL of concentrated H 2 SO 4 (Acros, 95-98 wt%) and stirred for 2 to 3 days (at 27
• C) depending on the desired degree of sulfonation. The polymer was precipitated in DI water, washed with DI water until neutral pH of water was attained, and dried in an oven at 60
• C.
Ion exchange capacity.-Weighed samples (0.2-0.5 g) of the prepared membranes in proton form were immersed in approximately 30 mL of saturated sodium chloride and stirred overnight. Protons in the sulfonic acid group were exchanged with the sodium ions in solution. The resultant solution was titrated using 0.1 mol/L KOH, and the IEC was determined using the following equation:
where IEC is the ion exchange capacity of the membrane (mmol/g), W is the weight of the sample (g) and V eq is the volume of 0.1 mol/L KOH required (mL) to reach the equivalence point.
Preparation of composite membranes.-The chemical structure of TPS and crosslinked TPS by condensation are shown in Figure  S1 . Composite membranes were prepared by addition of the required amount of TPS (30-35 wt% in water, Gelest, Inc) to a SPEEK solution (in DMAc) followed by stirring for 2 hours. Membranes with 5, 10, 15, 20 and 30 wt% of targeted final additive loading were prepared. The solution was cast onto 7.5 cm × 7.5 cm glass plates and dried at 60
• C overnight. SQO particles were generated in-situ by condensation of the precursor during membrane casting. The resultant membranes were peeled off the glass plate and the edges (which were non-uniform) were cut and discarded. The membranes were immersed in 1 mol/L H 2 SO 4 for 2 h at 60
• C and washed with DI water for 1 h at 60
• C to remove any residual acid. The membrane thickness was between 60 and 70 μm.
Proton conductivity.-In-plane membrane conductivity was determined using a four-electrode conductivity cell (BekkTeck LLC). A membrane sample (1 cm × 3 cm) was placed in the conductivity cell in contact with 4 platinum wires. The external wires were used as working and counter electrodes and the inner electrodes were used as working sense and reference. The conductivity cell was immersed in DI water in a thermostatic bath. A Gamry potentiostat (Series G750) was used to measure the impedance in the frequency range 100,000 to 0.1 Hz. The membrane conductivity was calculated using the following equation:
where σ is the in-plane conductivity, L is the distance between the two inner electrodes (0.45 cm), d is the membrane thickness (cm), w is the membrane width (1 cm) and R hf (Ohm) is the high frequency resistance. R hf was estimated from the high frequency intercept with the real axis in the Nyquist plot. The standard error was estimated from at least three measurements, and represented in the plots as error bars. The proton conductivity of the prepared membranes was measured at 30, 40, 50, 60, 70 and 80
Water uptake.-The water uptake of the membranes was measured in liquid phase. The prepared membranes were dried in a vacuum oven overnight and weighed. The samples were immersed in deionized water and stored in an oven set to either 30
• C or 60
• C. After 24 hours, the samples were quickly swabbed to remove liquid from the surface. The sample weight was then measured. The following equation was used to estimate the water uptake:
where WU is the water uptake, W hydrated and W dry are the measured weight of the samples in hydrated and dry condition, respectively. W dry was measured after drying in a vacuum oven at 60
• C for 24 h.
Membrane methanol permeability.-The methanol permeability was determined in a two-compartment Teflon cell at 30
• C with continuous stirring. One compartment (A) was filled with 100 mL of 2 mol/L methanol and 0.02 mol/L ethanol solution (internal standard), while other (B) initially contained 100 mL of 0.02 mol/L ethanol. The membrane was clamped between these two compartments, and aliquots of the solution in compartment B were extracted at regular intervals and analyzed by gas chromatography to determine the concentration of methanol. 3 The analysis was carried out using a Shimadzu GC-2012 gas chromatograph fitted with a Supelco packed column (6 ft × 1/8 in, 100/120 HayeSep T), at 140
• C, using nitrogen as the carrier gas (25 mL/min) with the injector at 200
• C and the FID detector at 230
• C. The pressures of air and hydrogen at the FID detector were 60 kPa. Methanol permeability was calculated using the following equation:
where P is the methanol permeability (cm 2 /s), C B is the concentration of methanol in compartment B (mol L −1 ); C A is the initial concentration of methanol in compartment A (2 mol L −1 ); V B is the solution volume in compartment B (100 mL); A is the exposed area of the membrane (3.5 cm 2 ); d is the thickness of the membrane (cm), and t is the time (s). The measurements were done in triplicate and the standard errors are shown as error bars in the plots.
Transmission electron microscopy (TEM) and energy-dispersive Xray spectroscopy (EDX)
-TEM was used to study the morphology of the nanoparticles in the composite membrane. A very thin composite membrane (0.5-1 μm) was cut into an approximately 2 mm × 2 mm square, placed over a Cu grid and attached with superglue. The TEM sample was then ion-milled briefly until the first sign of perforation, which took about 1 hour. TEM micrographs were then obtained using a Philips CM200 microscope at an acceleration voltage of 200 kV.
EDX was used to qualitatively analyze the elements present in the composite membranes.
Small angle X-ray scattering.-SAXS was used to characterize the statistically significant microstructural morphology of pristine SPEEK membranes having an ion exchange capacity (IEC) of 1.34 ± 0.05 meq/g (SPEEK13), as well as SPEEK13 composite membranes. The dried membrane samples had an approximate thickness of 0.7 mm. Collimated and monochromatic X-rays were used in the standard transmission geometry to measure the scattering intensity as a function of q. Here q = 4π/λ × sin(θ), where λ is the X-ray wavelength, and 2θ is the scattering angle.
The data acquisition was performed with both the SAXS instrument at 12ID-B 42 of the Advanced Photon Source (APS), Argonne National Laboratory and the Bonse-Hart ultra-small angle X-ray scattering (USAXS) instrument 43 at 15ID of the APS. SAXS data were acquired with an X-ray energy of 12 keV whereas USAXS data were acquired with an X-ray energy of 17 keV. In both sets of measurements, the incident flux was on the order of 10 13 photon s −1 . USAXS data were acquired in a slit-smearing geometry. Because of the primary intensity calibration provided by the USAXS instrument, the desmeared USAXS intensity is a measure of the absolute scattering probability of the sample material. Consequently, SAXS data were scaled against desmeared USAXS data before corresponding datasets were merged to improve both the signal-to noise ratio and data sampling at the high-q part of the USAXS spectrum. The combined dataset covered a q range from ∼2 × 10
Direct methanol fuel cell testing.-The performance of membrane electrode assemblies (MEAs) prepared using pristine and composite membranes were evaluated by obtaining polarization curves at a temperature of 60
• C, 1 bar (absolute pressure) and an inlet relative humidity (RH) of 100%. The MEAs were prepared by hot-pressing (135
• C, 220 psi & 4 min) Johnson Matthey gas diffusion electrodes (GDEs). The anode GDE was: Pt-Ru/C; Pt, 3 mg cm −2 ; Ru, 1.5 mg cm −2 . The cathode: GDE was: Pt/C, 1.5 mg cm −2 . 3 mol/L methanol was used as fuel with a stoichiometric ratio of 1.5 (minimum flow of 0.2 mL min −1 ). Air, oxygen, helox and 4% O 2 balance N 2 were used as the oxidant with an oxygen stoichiometric ratio of 3.5 (minimum flows of 0.2 SLPM).
The methanol crossover current was measured at the end of each experiment by linear sweep voltammetry (using a scan rate of 2 mV s −1 ). The measurements were done at 60
• C, using 3 mol/L methanol (stoichiometry 5) at the anode, and purging the cathode with 0.4 SLPM of humidified nitrogen (100% RH). The limiting current (at 1 V vs. reference) was used as an estimate of the methanol crossover current.
Results and Discussion
Preparation of SPEEK/SQO composite membranes.-SPEEK11 and SPEEK13 with IECs of 1.06 ± 0.02 meq/g and 1.34 ± 0.05 meq/g were synthesized and used in the preparation of composite membranes. Composite membranes with 5, 10, 15, 20 and 30 wt% TPS loadings were prepared and characterized. TPS was used as a precursor in the synthesis of functionalized SQO particles because it directly yielded sulfonic acid functionalized nanoparticles. During the heat-treatment following the casting process, TPS also condensed with hydroxyl groups present in the SPEEK polymer, resulting in a crosslinked structure (Fig. S1) . 2 The thickness of the prepared membranes varied between 60 μm and 70 μm. TEM and EDX characterization of the composite membranes.-TEM images were obtained only for SPEEK13 composite membranes as it was expected that the morphology would be similar for both SPEEK11 and SPEEK13. TEM micrographs (Figure 1 ) showed that the in-situ sol-gel technique yielded composite membranes with good additive dispersion for TPS loadings less than 15 wt%. SQO particles showed good compatibility with the polymer. The SQO nanoparticles (arising from TPS condensation) ranged in size from 2-6 nm. EDX was used to confirm the presence of SQO in the composite membranes (via silicon presence). Only one sample (5 wt% additive loading) was tested. The peak for silicon was small due to the low concentration of silicon elements within the composite membrane, but it was verified that the nanoparticles did contain SQO ( Figure S2 ). Table I shows the effects of TPS loading on the size of the SQO particles in the composite membranes. At a TPS loading of 5-15 wt%, the average size of the SQO particles was approximately 2.5 nm. As the loading of TPS increased above 20 wt%, the particle size increased monotonically with loading. Agglomerated SQO particles were observed at a loading of 30 wt% TPS, indicating that at very high loadings, the SQO particles could cross-link with each other by inter-particle condensation.
Investigation of SPEEK13/SQO composite membrane morphology using SAXS.-The morphology of the composite membranes was studied by SAXS. (Figure S3 shows the obtained SAXS data). SAXS, a nondestructive structural probe, provides statistically significant morphological information about phase-separated polymers. [44] [45] [46] More details related to various aspects of SAXS analysis of polymers are covered in these review articles. 47, 48 The morphologies of the pristine SPEEK and SPEEK composite membranes are reflected by the combined SAXS data, which are shown in Figure 2 . The desmeared data are plotted on an absolute scale, i.e., the differential scattering cross section d per unit solid angle d , per unit sample volume 
where the abscissa (q) is the magnitude of the scattering vector. The lineshapes of the combined SAXS profiles for the pristine SPEEK13 membrane and the SPEEK13 composite membranes were dissimilar. The profile for pristine SPEEK13 membrane showed a lowq power-law curve at its very low-q end. Accompanying this low-q power-law curve was a broad hump between ≈ 5 × 10 −4 Å −1 and 2 × 10 −2 Å −1 . For the SPEEK13 composite membranes, the lowq power-law curve was observed for every combined SAXS profile but the aforementioned broad hump was absent. As expected, this power-law curve also follows the degree of TPS loading -the more TPS, the higher the scattering intensity, because TPS has a higher scattering length density and hence more scattering power. Moreover, at the high q end of the profiles, a "peak" like feature was identified at approximately 0.2 Å −1 . The presence of low-q scattering suggested that structural inhomogeneities existed at sizes greater than 1 μm. Detailed characterization of these large inhomogeneities was limited by the scattering q range provided by the combined SAXS datasets, and quantification of their size distribution was not possible. Despite this, from this power-law behavior, we could still extract information pertinent to the material microstructure, which will be discussed later in this section. The nature of the high-q scattering features was ambiguous. We attempt to address this further in this section, following two distinctively different methods of analysis.
As mentioned above, the combined SAXS profile of pristine SPEEK membrane showed a broad hump, similar to the so-called "ionomer peak" identified in a wide range of ionomer materials, including Nafion, 49 poly(ethylene-ran-methacrylic acid)-based 50 and poly(ethylene-co-acrylic acid) 51 based ionomers. Despite a large library of related work, a universally accepted morphological model for the solid-state structure of these ionomers has yet to emerge. This is due to the complex formation of ionic domains with a significant distribution in relevant length scales. Nonetheless, the pathway in ionomers required for conduction of protons has led to recent developments in the interpretation of the SAXS data using a bicontinuous network model. [52] [53] [54] We analyzed the combined SAXS profile of pristine SPEEK13 membrane with this approach. The results are shown in Figure 2 . We first characterized the low-q power-law behavior with the Irena SAS analysis package. 55 The data at the intermediate q range were analyzed with the Teubner-Strey bicontinuous model, 56 a Figure 2 . Combined SAXS data and their fitting with a combined power-law and Teubner-Strey model. model that is based on Landau-Ginzburg theory to describe a twocomponent structure when particle shape is not very well defined. Two key-parameters from the Teubner-Strey model are the correlation distance ζ and inter-domain distance d. The fitting parameters from this combined power-law and bicontinuous network approach are listed in Table II . For the pristine SPEEK13 membrane, we found that the power-law slope was −3.11, which deviated from the Porod's law predicted exponent of −4.0. One possible explanation for this apparent deviation was that the underlying scattering morphologies had rough interfaces, which was reflected in small angle scattering with a power-law exponent between −3 and −4. 57 In other words, there existed fuzzy interfacial zones where density transition between the large (μm size) structural inhomogeneities was progressive. This large structural domain was proposed to arise from the presence of a large hydrophobic mesh in the ionomer. 53 , 54 We also identified that in the pristine SPEEK13 membrane, the correlation length ζ was about 1080 Å and the inter-domain distance d was about 6788 Å. These parameters suggested that the domains within SPEEK13 membrane were well correlated and well separated. We do point out that this set of parameters are large compared with parameters identified in other ionomer systems, where the correlation length and inter-domain distance are often on the scale of hundreds of Angstroms.
Upon the addition of SQO, we found that the intermediate peak identified in the pristine SPEEK13 SAXS profile vanished. From this observation, we inferred that SQO acted to interrupt the 100 nm sized domain present in the pristine SPEEK13 membrane. The absolute scattering intensity in the entire measured q range increased with increasing the weight percentage of TPS, which is expected given the higher scattering length density of silicon. Additionally, we found that with increasing the weight percentage of TPS, the power-law slopes trended toward −4, which indicated that the interface between the micrometer-sized inhomogeneities became smoother. Figure 2 also shows that the high-q feature in the SAXS profiles of these composite membranes could be satisfactorily described by a bicontinuous network model. Here, we could not identify a clear trend about the mean domain size. However, as the weight percentage of TPS increased, we found that the mean repeat distance also increased. This result indicated the deterioration of the conducting network in these composite membranes as more TPS was added into the membranes and was consistent with the observed trend in proton conductivity with TPS loading (data presented later).
While this bicontinuous network model appeared plausible due to the overall physical picture it represented, TEM results suggested the presence of small, isolated objects (SQO nanoparticles) in these membranes. Based on these TEM observations, we constructed another, perhaps more realistic (given observed morphology) model to quantitatively analyze these scattering profiles. These results are summarized in Figure 3 and Table III , respectively.
In this isolated object modeling approach, we treated the low-q scattering in the same manner as in the bicontinuous network approach. Therefore any discussions presented about the low-q scattering above remains valid here. The difference lies in the fact that we assumed the objects identified in TEM images were globular in shape and spatially well dispersed. We also assumed that these objects had sufficient contrast to give rise to the scattering features identified in the high-q section of the SAXS profiles of the SPEEK13 composite membranes. Based on these considerations, we adopted a model similar to the one applied to a phase separated copolymer system 58 to analyze the high-q part of the data. In this model, we assumed that the scattering intensity of the individual scattering objects followed that of a unified sphere 59 (Eq. 6)
and that the structure factor followed Eq. 7:
Here, R G is the radius of gyration of the domains. For a sphere, R G = (3/5) 0.5 × R, with R being the radius of the sphere; ξ is the mean separation distance between domains; ϕ is the volume fraction of the minority phase; and G is a scaling constant. Eq. 6 is also known as the Guinier equation. We acknowledge that the real domains may not all be spherical in shape and reiterate that a unified spherical form factor was adopted only for its simplicity.
Our analysis shows that the radii of the spherical domains for SPEEK13+10 wt% TPS, SPEEK13+20 wt% TPS, and SPEEK13+30 wt% TPS were 1.1 Å, 2.1 Å, and 4.7 Å, respectively, whereas the mean separation distances were 19.2 Å, 20.2 Å, and 21.1 Å, respectively. It was noted that these mean particle sizes did not exactly agree with the TEM observations, which suggested that the nanoparticles had sizes ranging between 1 nm and 10 nm. Absence of scattering signatures of nanoparticles in this size range was attributed to a lack of scattering contrast between these nanoparticles and the matrix materials, which could be caused by SQO being present not only in the nanoparticles but also in the matrix. However, the interdomain distances showed similar values when compared with the mean separation distances acquired with the combined power-law and Teubner-Strey model. This agreement of two modeling approaches strongly suggests the presence of such inter-domain distances in these composite membranes.
The SAXS profile also can be influenced by water content in the membrane. The ionomer peak becomes more visible at high water content; this effect could also contribute to the SAXS profile when hydrophilic filler is contained within the polymeric matrix.
Ion exchange capacity, water update and proton conductivity.-The IEC of the membranes was enhanced as a consequence of incorporation of SQO (Table IV) . The IEC of SPEEK13 composite membranes proportionally increased from 1.35 meq/g to 1.48 meq/g as the TPS loading was varied from 5% to 30%, which was resulted from the added ion exchange sites at the surface of the SQO particles. In addition, the IEC had a significant effect on the water uptake of the composite membranes. The water uptake of SPEEK13 (IEC = 1.34 ± 0.05 meq/g) was 30% higher than the water uptake of SPEEK11 (IEC = 1.06 ± 0.02 meq/g). The increase in water uptake with IEC was attributed to the enhanced hydrophilicity of the membranes as a consequence of further PEEK sulfonation and addition of hydrophilic ion exchange sites. Furthermore, the sulfonic acid groups attached to the SQO particles allowed water molecules to aggregate together, thereby additionally increasing the hydrophilicity of composite membrane prepared by using SQO. 17 The difference in IEC between SPEEK11 and SPEEK13 was around 0.3 meq/g (25% higher IEC for SPEEK13), and this corresponded to an almost two-fold increase in water uptake. The water uptake of the composite membranes did not follow a linear trend across IEC. There was a discontinuity when SPEEK 11 was replaced with SPEEK 13 as the matrix. In other words, for example, SPEEK11+30 wt% TPS had a higher water uptake than SPEEK13 although its IEC was lower. This was attributed to the higher affinity of the SQO nanoparticles to water, as compared to the sulfonic acid groups tethered to SPEEK. This was also verified by the decrease in activation energy for proton conduction (13 to 20 kJ mol −1 ) in all composite membranes compared to pristine SPEEK11 (23 kJ mol −1 ) and SPEEK13 (21 kJ mol −1 ) ( Figure S4 ). Note that at a constant additive loading, the water uptake was always higher for the sample with higher IEC.
The conductivity of the composite membranes exhibited Arrhenius-type temperature dependence, with activation energies ranging between 13 and 23 kJ mol −1 . The activation energy is associated with the barrier energy protons need to surpass to migrate between adjacent ion exchange sites. The activation energies reached a minimum at 10% to 15% loading for SPEEK11 composite membranes and at 20% loading for SPEEK 13 composite membranes. When SQO was incorporated to SPEEK membranes, the proton conductivity of the resultant composite membrane increased by approximately 1 mS cm −1 per 1 wt% loading of TPS up to 15% to 20 wt%; subsequent increase in loading lowered proton conductivity. This observation was consistent with the minima seen in activation energy. Previous results reported in the literature also showed a decrease in the conductivity of the composite membranes when the inorganic materials were added in excess. [2] [3] [4] [8] [9] [10] [11] 14, 20, 22, 36, 44, [60] [61] [62] These literature reports suggested that the improvement in ionic conductivity was limited when the loading of the employed fillers increased above a certain weight ratio.
In this study, the highest proton conductivity was achieved with 15 wt% and 20 wt% TPS for SPEEK11 and SPEEK13 composite membranes, respectively (Figure 4 ). Similar trends in proton conductivity with TPS loading were observed at all temperatures between 30
• C and 80
• C. At any given temperature, a monotonic increase in conductivity with particle loading was not observed. It was postulated that at high loadings, the particle network disrupted the ionic diffusion pathways inside the polymer matrix, leading to the observed reduction of the ionic conductivity above 15 wt% TPS loading.
3,7,9,10,63 The observed trend was consistent with TEM and SAXS analysis of the composite membranes. At high TPS loading (>20 wt%), agglomerated SQO particles with enlarged size were observed, as opposed to well dispersed SQO networks at lower loadings. In addition, a sharp increase in the radii of the spherical domains, from 2.1 to 4.7 Å, was observed with the change of TPS loading in SPEEK13 composite membranes from 20 wt% to 30 wt%, respectively. The enlarged domains due to high TPS loading (>20 wt%) -an unfavorable morphology -contributed to the decrease in ionic conductivity at high TPS loadings.
The proton conductivity is typically proportional to the number of water molecules per ion exchange site (λ). However, at high loadings of TPS (20-30 wt%), the ionic conductivity and λ value did not have a proportional relationship for temperatures between 30
• C ( Figure 5 and S5-S9). The proton conductivity reduced sharply at high loadings of TPS (20-30 wt%) in spite of high λ values (points corresponding to 20 -30 wt% TPS loading placed below the diagonal line in Fig. 5 ). When the loading of TPS was increased to 20-30 wt%, the composite membranes showed agglomeration and a non-uniform distribution of the SQO nanoparticles in the polymer matrix, which resulted in a loss of mechanical properties, a nonhomogeneous membrane, and the possible formation of micro holes. These factors disrupted the particle network (as mentioned earlier) and resulted in decrease of the proton conductivity regardless of intrinsic IEC and λ values, rendering membranes with high additive loading rather unsuitable ( Figure S5-S9) . SAXS analysis supported this premise, revealing the existence of fuzzy interfacial zones in composite membranes. SAXS results also confirmed an increase in mean repeat distances, which were 19.2 Å, 20.2 Å and 21.1 Å for 10, 20 and 30 wt% of TPS loading, respectively (Table III) . This trend indicated that deterioration of ion-conducting networks occurred in composite membranes at high loadings of TPS (20-30 wt%). Methanol permeability and selectivity.-A key reason for combining organic polymers with inorganic fillers is to block the methanol transport through the ionic channels inside the polymer structure. The methanol permeability of the membrane is affected by both hydrophilicity of membranes, associated to water uptake and λ values, and the presence of micro channels in polymer matrix. 2, 11, 16 It was observed that the methanol permeability had a linear relationship with the number of water molecules per ion exchange sites ( Figure S10 ), which was in line with expectation. Also, in general, the methanol permeability remained unchanged or increased with increasing proton conductivities ( Figure 6 ). The incorporation of SQO slightly reduced the methanol permeability for composite membranes prepared using SPEEK13 (Table S1) , however, the composite membranes prepared with SPEEK11 all had higher methanol permeability than pristine membranes. Based on pristine SPEEK13 as a benchmark, only SPEEK13+5 wt% TPS yielded a higher proton conductivity with lower methanol permeability, 57 mS cm −1 and 3.8 × 10 −7 cm 2 s −1 , respectively (Table S1 ). Pristine and composite SPEEK11 and SPEEK13 membranes had lower methanol permeability than Nafion 1135 membranes (which had a permeability of 9.2 ± 0.6 × 10 −7 cm 2 s −1 ). The increase (or at best modest reduction) in permeability in the composite membranes was attributed to the fact that the incorporation of SQO increased the pore volume inside the polymer matrix as opposed to blocking the water/methanol transport channels within the polymer. The higher methanol permeability values could also be due to non-specific chemical interactions between methanol and the remnant traces of SQO and TPS within the polymer matrix, though care was taken to minimize this possibility. In addition, SPEEK13 had greater swelling in water and methanol mixtures at high temperatures (>70 • C), and, consequently, higher methanol permeability than SPEEK11 (the ratio of dimensional swelling change was not measured). The excessive swelling made the membranes with higher IEC less suitable for DMFC applications. Even though SPEEK13 based pristine and composite membranes were not mechanically stable at high temperature (>70
• C), these membranes could be used for MEA fabrication and were stable during the course of DMFC operation at 60
• C. Membrane selectivity in the context of DMFCs is defined as the ionic conductivity divided by the methanol permeability. It was observed ( Fig. 6 ) that there was no significant improvement in selectivity in the composite membranes prepared using SQO. Higher selectivity is considered important to improve DMFC performance. 5, 7, 10, 16 However, our DMFC results (below) suggest that it is only an appropriate metric if the high selectivity is achieved as a result of high ionic conductivity (and not when it is achieved by having an extremely low methanol permeability coupled with low conductivity). In other words, the trends in performance obtained with different membranes did not depend exclusively on selectivity. Although the membrane selectivity did not change radically, the incorporation of SQO improved the membrane ionic conductivity in most cases, without sacrificing selectivity. As a result, certain variants of the composite membranes outperformed the benchmark Nafion membrane during DMFC testing. Consequently, within an acceptable range of permeability, the ionic conductivity is a pivotal factor in DMFC performance. 63, 64 DMFC performance tests.- Figure 7 shows the DMFC performance for MEAs prepared with SPEEK and SPEEK/SQO composite membranes. For comparison, an MEA assembled with Nafion 1135 was tested as the benchmark (Nafion1135 had a similar thickness to the SPEEK/SQO composite membranes). Power densities of 159 mA cm −2 and 236 mA cm −2 , respectively, were obtained at 0.4 V with SPEEK11 and SPEEK13 based MEAs. The results confirmed Figure 7 . Polarization curves obtained with Nafion 1135, SPEEK11, SPEEK13, SPEEK11+5 wt% TPS, and SPEEK13+5 wt% TPS (operated at 60 • C and 1 bar using 3 mol/L methanol 2 stoich; dry air, 3.5 stoich flow). that the DMFC performance was mainly controlled by the membrane ionic conductivity (methanol permeability only had a small effect). SPEEK13+5 wt% TPS exhibited slightly better performance (240 mA cm −2 at 0.4 V) than SPEEK13, but the enhancement in performance was more pronounced in the case of SPEEK11+5 wt% TPS (187 mA cm −2 at 0.4 V), again due to the bigger enhancement in membrane conductivity in the latter case (Table S2 ). The trends in selectivity by itself did not explain the improvement observed. Simply put, better performance was obtained with membranes exhibiting larger ionic conductivity as long as the methanol permeability was not exorbitant. The ohmic losses that resulted from membrane resistance effects had a more pronounced effect on the performance than the differences arising from methanol permeability (Table V) . To reiterate this, Figure S11 in the SI section shows the cathode overpotentials obtained with two MEAs (SPEEK11+5 wt% TPS and SPEEK13+5 wt% TPS) having very different methanol permeability results −2.9 × 10 −7 and 3.8 × 10 −7 cm 2 s −1 , respectively (measured in-situ, by linear scan voltammetry, and also ex-situ in a diffusion cell). As a reference, the cathode overpotential for the same electrode in the absence of methanol poisoning is also included (this was obtained from an MEA operated with H 2 and Air). The data analysis methodology used to extract the cathode overpotential is detailed in the supplementary information section. This analysis revealed that the effect of methanol permeability on cathode overpotential was almost imperceptible. The net polarization losses associated with Pt poisoning by crossover methanol and its oxidation products (for both MEAs) was around 150-200 mV at lower current densities, but decreased to 10-50 mV at higher current densities.
Conclusions
We synthesized a new type of composite membrane for DMFC applications by adding 3-(trihydroxysilyl)-1-propanesulfonic acid to SPEEK of varying IEC at loadings ranging from 5-30 wt%. Using TEM, the size of the SQO particles in SPEEK13+10 wt% TPS was estimated to be between 2 nm and 3 nm, while SQO particles ranging from 3 nm to 5 nm were observed in SPEEK13+30 wt% TPS. The SAXS data was analyzed by two hybrid models: a combined powerlaw and Teubner-Strey model and a combined power-law and isolated scatterer model. Despite small discrepancies in particle size distribution between the scattering results and TEM images, similar inter domain distances were observed when compared to the mean separation distances acquired with the combined power-law and Teubner-Strey model. It was observed that the radii of the spherical domains for SPEEK13 with 10, 20 and 30 wt% TPS were 1.1, 2.1, and 4.7 Å, respectively, whereas the mean separation distances were 19.2, 20.2 and 21.1 Å, respectively.
The addition of SQO into the polymer matrix improved water retention and proton conductivity. Even though the ion exchange capacity and the number of water molecules per sulfonic acid group increased monotonically with TPS loading, the increase in ionic conductivity was proportional to the amount of TPS added only up to loading levels around 15-20 wt%. Above this loading, a decrease in conductivity was observed. SPEEK11+15 wt% TPS and SPEEK13+20 wt% TPS had the highest proton conductivities of 37 and 65 mS/cm, respectively, among different TPS loadings (measured at 60
• C in DI water). From TEM, highly agglomerated SQO particles were observed at high TPS loadings; in general, the size of SQO particles increased with TPS loading. SAXS analysis confirmed an increase in the radii of the spherical domains and inter-domain distance in the composite polymer matrix as TPS loading was increased. Hence, both TEM and SAXS analysis corroborated a disruption in ion conduction pathways at high TPS loadings, explaining the observed trend in proton conductivity.
Both water uptake and λ values increased with TPS loading (IEC); the methanol permeability also increased in most cases. The methanol permeability was (slightly) reduced only in the case of SPEEK13+5 wt% TPS. For other membranes, the methanol permeability was similar or increased with increasing IEC.
SPEEK11+5 wt% TPS and SPEEK13+5 wt% TPS composite membranes, having improved selectivity, were used to prepare MEAs and tested in a DMFC at 60
• C using air and 3 mol/L methanol. The SPEEK/SQO composite membranes yielded better performance than pristine membranes when used in a direct methanol fuel cell. The current density at 0.4 V was 187 mA/cm 2 and 240 mA/cm 2 respectively (237 mA/cm 2 for MEA using Nafion membrane). The performance was influenced much more by the proton conductivity than the methanol permeability, confirming that not all selectivities are equal. A membrane with selectivity "S" achieved via a high ionic conductivity and modest (or even high) methanol permeability will likely outperform (in a DMFC) a second membrane with the same selectivity "S" achieved by modest to low conductivity and very low methanol permeability. In closing, composite membranes prepared with SPEEK and TPS (to generate SQO precursor) are good candidates for DMFC applications when the size and distribution of SQO in polymer matrix are controlled and optimized properly.
